Compressed and uncompressed crushable foam blocks were subjected to projectile impact at low velocity to evaluate and compare the foam resistance against the projectile impact. Among many crushable foam applications their energy absorbing characteristics play a prominent role to secure the structures against impacting objects. In the present work numerical simulations using finite element hydrocode LS-DYNA were first carried out to study the crushable foam behaviour when subjected to the impact by steel projectiles moving at an average velocity of 48 ms -1
Introduction
Crushable foams are widely used in packaging, crash protection, and lightweight structures due to their excellent energy absorption capabilities (Gibson and Ahsby, 1997 and Zhang et al., 1998) . Due to insufficient understanding of mechanical behaviour of foam materials under impact damage, the applications of crushable foams are limited (Rizov, 2007) . The mechanical behaviour of crushable foams depends on the cell wall thickness, the size distribution and the cells shape, and the intrinsic properties of the polymer in the cell wall. Moreover, the density of the foam or the pore size affects the impact behaviour, as it controls the rate at which the gas exits the foam during the compression process. To use the crushable foams widely in different applications, these parameters must be carefully tuned to achieve the desired behaviour (Tu et al., 2007) .
The energy absorbed of any material can be numerically found by calculating the area under the stress strain curve (Hibbeler, 2011) . Gibson and Ashby demonstrated the difference in the mechanical behaviour of open and closed cell foams (Gibson and Ahsby, 1997) . Croop and Lobo (2009) studied the strain rate effects on the mechanical behaviour of three different crushable foams: polyurethane, expanded polyethylene, and expanded polystyrene. They found that the area under the stress strain curve increases as the strain rate is increased. Thus, more energy is absorbed. Previous work by Slik and his co-workers (2006) shows the effects of the density on the energy absorption capabilities of expanded polypropylene and semi-rigid polyurethane. The stress levels are proportional to the density of the foam. Subhash demonstrated a constitutive model that describes the stress strain relationship of open cell foams. The model has five parameters expressed in terms of the bulk initial density of the foams (2005).
Nichols and his co-workers (2001) studied the capability of LS-DYNA hydrocode to simulate foam-filled impact limiting devices. Bersotti (2010) developed numerical simulations for a crushable foam aircraft arrestor bed using both finite elements method and smooth particle hydrodynamics approach. Droste and Rottger (2007) illustrated the enhancement of vehicle body stiffness of foam-reinforced structures using LS-DYNA. Guden and coworkers (2008) used coupled finite element method/smooth particle hydrodynamics in modelling progressive axial crushing of foam-filled aluminium tubes.
From the above mentioned work it can be seen that no research has been conducted to gage energy absorbing capability of compressed foam, therefore in the present work the effect of compressing the foam on the efficiency of energy absorption has been studied through numerical simulations and verified by experimental work. The results of the present work can be helpful in applications like energy absorbers installed as road side barriers and the airplane arrester beds at the end of runways. The experimental results of a steel projectile impact on compressed and uncompressed foam have been reported. The material properties and numerical simulation model were based on previous work (Shah and Topa, 2014) .
Numerical Simulations
A steel spherical projectile was launched against expanded polystyrene foam rectangular block at the velocity of 48 m/s as shown in Fig. 1 . The dimensions of the foam block were 80 x 100 x 100 mm and the projectile diameter was 9.5 mm. The projectile was launched after the foam was compressed to 50% of its original height. The projectile was modelled using rigid material model while MAT_CRUSHABLE_FOAM was used for simulating the crushable foam. The properties of the projectile and uncompressed crushable foam are listed in table 1 and were adopted from previous work, (Shah and Hamdani 2013 and Shah and Topa, 2014) , however the failure criteria were adjusted to take into account the compression of the material. This is shown in Table 2 where the minimum pressure (MNPRES) and maximum principal strain (MXEPS) values for the uncompressed and the compressed foam are given. These two values were obtained by trial and error. The kinetic energy of the steel projectile was totally absorbed by the foam and the projectile was captured inside the foam. The depth of penetration was 54.6 mm as shown in Fig. 2 . The maximum strain occurs at the circumference of the cavity. The projectile displacement profile is plotted in Fig. 3 . It can be seen that the projectile slightly bounces back after reaching the maximum depth of penetration. This is due to the elastic recovery of the foam material adjacent to the projectile. The failure in the foam was modelled using MAT_ADD_EROSION and it was based upon the minimum pressure and maximum effective principal strain. The values of the important parameters of this command are listed in table 2. Both of these criteria must be satisfied before the element failure occurs. The negative value of the minimum pressure denotes the tension load. As shown in Fig. 2 , the elements are deleted when their maximum effective principal strain reaches the failure strain value (LS-DYNA, 2007). For comparison, the same simulation with no compression was carried out. The projectile penetrated through the foam block as shown in Fig. 4 . This shows that compressing the foam enhances its resistance to projectile penetration. It can be concluded that, theoretically, increasing the foam density by compressing it, enhances its energy absorption capabilities. was set equal to one. By default, the mass of the eroded nodes is removed to make the calculation more stable. However, in our simulation the erosion is important and the reduction of mass might lead to incorrect results (Shah and Abid, 2012) . The kinetic energy of the projectile is shown in Fig 6. The initial kinetic energy matches the value calculated using the kinetic equation formula E = 0.5 mv 2 . The projectile was arrested by the compressed foam as it lost all of its kinetic energy. However, in the case of the uncompressed foam, some of the kinetic energy is maintained and the projectile penetrates through the foam.
Experimental Validation

Compressed Foam
The experimental set up was arranged to match the conditions of the numerical simulations. Rectangular foam specimens were cut into 80 x 100 x 100 mm blocks and compressed 50% of its original height as shown in Fig. 7 . The specimen was cut to measure the depth of penetration as shown in Fig. 8 . The projectile velocity and the depth of penetration of each shot are illustrated in Fig. 9 . The projectile velocity was obtained by using optical sensors built in a chronograph placed below the transparent PMMA tube that carries the projectile. The depth of penetration was measured after sectioning and exposing the hole length in the foam block. The average velocity achieved was 48.3 m/s and the average depth of penetration was 54.6 mm. The depth of penetration achieved experimentally matches the numerical simulation results. Thus, the numerical simulation model was verified. 
Uncompressed Foam
The experiment was repeated for the uncompressed foam. The specimen was placed on the compressing device and slight pressure was applied to constrain the foam as shown in Fig. 10 . As the projectile passed through the foam block, the experiment was repeated with a second uncompressed foam block stacked next to the first block and average projectile arrest distance through the foam was observed to be 107.67 mm. Thus, compressing the foam 50% of its original volume increases its resistance to projectile penetration by a factor of 1.42. 
Discussion
In this study, the capability of crushable foam to absorb the kinetic energy of a low velocity projectile was investigated under compressed and compressed conditions owing to the fact that no previous work existed regarding this type of compression. Comparing Fig. 2 and Fig. 8 , it is observed that LS-Dyna simulation successfully predicted the depth of penetration of the projectile into the compressed crushable foam block before being arrested by the foam. Fig.4 shows that the projectile exited from the rear end of the crushable foam block which has been validated experimentally. Fig. 3 shows the depth of penetration of the projectile into compressed and uncompressed foam. Compressed foam clearly shows the declining trend whereby it supports the projectile arrest as shown in Fig. 8 . The comparison of energy absorbed in both cases that is by compressed and uncompressed foam is shown in Fig. 5 . For a 50 % compression of the crushable foam block, a 41.6% increase in the energy absorbed was observed. Fig. 6 shows the loss of kinetic energy of the projectile while passing through the compressed and uncompressed foam. For the compressed foam, as the projectile is arrested by the foam material, its kinetic energy falls to zero while some of the kinetic energy of the projectile passing through the uncompressed foam is retained by the projectile as it exits from the rear of the foam. The relation between projectile velocity and depth of penetration of each shot has been in in Fig. 9 . The numerical simulations were based upon the average velocity (48 ms -1 ) of the projectile. Stress strain curve for a crushable foam element that was on the path of the projectile and bound to failure is shown in Fig. 11 while an undamaged element stress strain curve is shown in Fig. 12 . These curves have been obtained from the simulation work. 
Conclusions
Compressed and uncompressed crushable foam was subjected to low velocity projectile impact in LS-DYNA simulations. The numerical simulations were experimentally validated. It was found that the compressed foam capability to arrest a low velocity projectile when compared to uncompressed foam is enhanced significantly. Compressing the foam increases its energy absorption per unit time as it enhances the rate of energy absorbed. Thus, it can provide enhanced safety for automotive applications, shock absorber, impact limiting devices, packaging, and foam-filled structures.
It is anticipated that more probably there is a limit to which the foam can be compressed with favourable results in term of energy absorption which is beyond the scope of the current study. 
